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INTRODUCTION 
Prostate cancer is the most commonly diagnosed and second leading cause of cancer-related death in American 
men (1). Death is usually a result of the spread of prostate cells to other sites in the body (metastasis) (2). 
Despite this high rate of mortality, little is understood about prostate cancer metastasis and in particular how to 
effectively treat this disease. Tyrosine kinase activity has been shown to play a role in prostate cancer, but 
targeting these same molecules clinically has not been very successful (3). The purpose of this grant was to 
provide important insights into which tyrosine kinases are crucial for advanced prostate cancer and, more 
importantly, help to elucidate better treatment strategies for this disease. The utilization of phosphopeptide 
enrichment and mass spectrometry will enable identification of these new targets in prostate cancer which may 
be investigated further for clinical benefit. 
 
BODY 
The specific aims of the award are listed below with updates on the training and research accomplishments.  
 
Aim 1: Identify the specific tyrosine kinases activated during initiation and progression of genetically 
altered prostate cancer cells in the mouse.  
We have made significant progress within this aim including a first author publication in PNAS (4). Parts a and 
b are completed and we are in the final stages of Part c. 
a. Using our established vector system (Figure 1A), we generated a range of mouse prostate cancer phenotypes 
that display a distinct tyrosine phosphorylation profile (4, Figure 1B). These oncogene combinations are 
pertinent to prostate cancer including Akt, Akt+Erg, Akt+AR, and Akt+KrasG12V. We did find that Src/AR 
tumors were very difficult to generate enough material for phosphotyrosine evaluation so we were not able to 
pursue that particular oncogene combination.  
b. Following tumor formation we evaluated each tumor phenotype using phosphotyrosine enrichment/mass 
spectrometry (4, Figure 2A). We were able to include all of the oncogene combinations listed above and normal 
mouse prostate as a control validated some of these kinases via western blot (Figure 2B). 
c. We are currently evaluating this part of the aim. We have generated microRNAs that target 3 separate 
tyrosine kinases identified in Aim 1b. These include Src, Jak2, and Abl tyrosine kinases. These kinases were 
verified in the mouse tumors using western blot and immunohistochemistry (4). Using an inducible knockdown 
approach (Figure 3A), knockdown of these kinases has been validated after addition of doxycycline (Figure 
3B). Further, we are simultaneously treating these tumors with the Src and Abl tyrosine kinase inhibitor 
Dasatinib to verify the functional importance of these two kinases in our mouse model system. 
 
Aim 2: Investigate the tissue-specific tyrosine kinase activity in metastatic prostate cancer. 
Parts a and b of this Aim are completed and Part c is nearly finished.  
a. After introduction of luciferase into cells expressing an active SRC (Figure 4A), we introduced these cells 
subcutaneously into SCID mice and monitored growth and metastatic spread via bioluminescence imaging 
(Figure 4B). Over time, these mice developed lung and lymph node metastasis from subcutaneous prostate 
tumors expressing an active Src (Figure 4C). All tumors (subcutaneous and lung metastases) were excised and 
frozen for subsequent phosphopeptide enrichment/mass spectrometry analysis in Aim 2c. 
b. Numerous 22Rv1 tumors were collected after intracardiac injection including metastatic tumors from the 
liver, lymph node, and lung cavity. These tumors were excised and frozen for subsequent phosphopeptide 
enrichment/mass spectrometry analysis. These tumors are being used in Aim 3b. 
c. The tumors used in Aim 2a were analyzed separately from Aim 2b. In Aim 2a, the lung tumors derived from 
an activated SRC were compared to the primary tumor (Figure 5A). Distinct phosphopeptides were observed in 
the metastatic tumors when compared to the primary subcutaneous tumor and these targets are now being 
evaluated for relevance to human disease (Figure 5B). We are still evaluating these signatures in metastatic 
disease. 

 
Aim 3: Identify the activated tyrosine kinases in advanced prostate cancer in man. 
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All parts of this aim is currently in progress. Part a has begun and we are still collecting samples for analysis. 
Part b will be completed once we have collected enough samples from Part a. We have not started Part c but 
plan to in the next 3-4 months. 
a. We have made some significant progress in Part a. We initiated a collaboration with the lab of Ken Pienta 
(University of Michigan) to obtain metastatic prostate cancer tissue through their Warm Autopsy program (5). 
Collection of metastatic prostate cancer tissue is very difficult to obtain and so far we have acquired 4 samples, 
2 of which were usable for phosphopeptide enrichment/mass spectrometry analysis based on histology (Figure 
6).  
b. We have run 2 metastatic prostate cancer samples, 3 primary prostates (controls), and the 22Rv1 metastatic 
tumors described in Aim 2b. This initial run identified 3 unique clusters of phosphopeptides, including a 
separate cluster for the metastatic samples (Figure 7). We are currently evaluating these kinases for functional 
significance and relevance. 
c. This Part has not begun but we anticipate that we will be starting soon once we collect enough metastatic 
samples for analysis. 
 
KEY RESEARCH ACCOMPLISHMENTS 

• Identified robust tyrosine phosphorylation in advanced human prostate cancer. 
• Generated a panel of mouse prostate cancer phenotypes that display different patterns of 

phosphotyrosine expression depending on the oncogene used to generate the tumor. 
• Phosphotyrosine peptide enrichment and quantitative mass spectrometry identified oncogene-specific 

tyrosine kinase signatures, including activation of EGFR, ephrin type-A receptor 2 (EPHA2), and 
JAK2.  

• Kinase:substrate relationship analysis of the phosphopeptides also revealed ABL1 and SRC tyrosine 
kinase activation.  

 
REPORTABLE OUTCOMES 

• Published a first-author manuscript in PNAS (4). (see appendices) 
• Presented research findings at the Microbiology, Immunology, and Molecular Genetics Departmental 

Retreat (October 2011). (see appendices) 
• Presented research findings at the AACR Advances in Prostate Cancer Research Conference in Orlando, 

FL (February 2012). (see appendices) 
• Data deposition from the PNAS manuscript: MS2 spectra for all phosphopeptides reported in this paper 

have been deposited in the PRIDE database, http://www.ebi.ac.uk/pride/ (accession nos. 20879–20889). 
 
CONCLUSION 
The purpose of this award was to utilize different technologies to identify new therapeutic targets in advanced 
prostate cancer. Here, we have shown that we can identify oncogene-specific tyrosine kinase networks from 
mouse tumors and these networks implicate many tyrosine kinases which can be targeted therapeutically. While 
the mouse studies were straightforward, moving to human metastatic samples will be more challenging due to 
limited material and difference in genetic backgrounds. However, preliminary data suggests that 
phosphopeptides from metastatic tumors do indeed segregate from primary prostate tumors and cell lines. 
Deciphering this information will be crucial to better understand the mechanisms of metastatic prostate cancer. 
 
REFERENCES 
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3. Araujo JC, et al. (2011) Dasatinib combined with docetaxel for castration-resistant prostate 

cancer: Results from a phase 1-2 study. Cancer. 
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• Supporting Data (Figures 1-7) 
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Figure 1. Phosphotyrosine expression is increased during prostate cancer
progression. (A) Lentiviral vector diagram displaying the organization of oncogene
and fluorescent marker expression used in these tumors. (B) Gross and histological
morphology of each tumor type after 12 week engraftment in SCID mice using the
prostate regeneration protocol. Fluorescence corresponds to expression of a
particular oncogene. TI=transillumination, H&E=hematoxylin and eosin. Scale
bars=50 µm.
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Figure 2. Unique phosphotyrosine signatures are observed in a mouse
model of prostate cancer progression. (A) Heatmap representing unique
clusters of tyrosine phosphorylation for each mouse tumor phenotype. Each row
corresponds to a unique phosphopeptide. Red=hyperphosphorylation,
green=hypophosphorylation for each phospho-peptide. (B) Specific tyrosine
kinases are observed in an oncogene-specific fashion. Signal-to-noise ratio
(SNR) (relative to AKT) was calculated for each phosphorylation event and
plotted. Positive SNR confirms elevation of that particular phosphorylation event.
Western blotting validates indicated oncogene-specific phosphorylation results.
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Figure 3. Micro-RNA silencing of mouse tyrosine kinases ABL, JAK2,
and SRC using an inducible vector system. (A) Lentiviral vector diagram
displaying the organization and inducible regulation of microRNA (miRNA)
and constitutive fluorescent marker expression. (B) Western blot analysis
confirms the knockdown of each of the targeted kinases, including chaining
multiple different kinases on the same vector. Scr. = scrambled miRNA.
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Figure 4. Subcutaneous implantation of cells expressing an
active SRCc metastasizes to lung and lymph nodes. (A) After
introduction of luciferase, SRCY529F (activated SRC) cells were
implanted subcutaneously into the left flank of SCID mice and tumor
growth was monitored using bioluminescence imaging. After 31 days
post injection, the resulting tumors were then resected and metastatic
disease was monitored. (B) Metastatic tumor growth was monitored
over the course of 3 weeks revealing metastatic spread. (C) Lung and
lymph node metastasis were evident after autopsy.
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Oncogene-specific activation of tyrosine kinase
networks during prostate cancer progression
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Dominant mutations or DNA amplification of tyrosine kinases are
rare among the oncogenic alterations implicated in prostate cancer.
We demonstrate that castration-resistant prostate cancer (CRPC) in
men exhibits increased tyrosine phosphorylation, raising the ques-
tion of whether enhanced tyrosine kinase activity is observed in
prostate cancer in the absence of specific tyrosine kinase mutation
or DNA amplification. We generated a mouse model of prostate
cancer progression using commonly perturbed non-tyrosine kinase
oncogenes and pathways and detected a significant up-regulation
of tyrosine phosphorylation at the carcinoma stage. Phosphotyro-
sine peptide enrichment and quantitative mass spectrometry iden-
tified oncogene-specific tyrosine kinase signatures, including
activation of EGFR, ephrin type-A receptor 2 (EPHA2), and JAK2.
Kinase:substrate relationship analysis of the phosphopeptides also
revealed ABL1 and SRC tyrosine kinase activation. The observation
of elevated tyrosine kinase signaling in advanced prostate cancer
and identification of specific tyrosine kinase pathways from genet-
ically defined tumor models point to unique therapeutic approaches
using tyrosine kinase inhibitors for advanced prostate cancer.

AKT | androgen receptor | ERG | K-RAS | bioinformatics

The future of effective cancer treatment is based on the emerging
concept of personalized therapy, which requires detailed anal-

ysis of the oncogenic lesions that drive disease. One prominent
oncogenic change seen in many cancers is somatic-activating
mutations of tyrosine kinases, including BCR-ABL in chronic
myelogenous leukemia (CML), mast/stem cell growth factor re-
ceptor (SCFR or KIT) in gastrointestinal stromal tumors (GIST),
and EGFR in lung cancer (1–3). The dependency on tyrosine ki-
nase activation in these tumors has led to successful clinical treat-
ment with tyrosine kinase inhibitors (4–6). In prostate cancer, great
progress has been made in identifying the genetic determinants of
disease progression such as increased expression of androgen re-
ceptor (AR) and myelocytomatosis oncogene cellular homolog
(MYC), phosphatase and tensin homologue deleted on chromo-
some 10 (PTEN) deletion, and erythroblast transformation specific
(ETS) family gene fusions (7–11). However, recent large-scale
cancer genome studies show that activating somatic mutations or
DNA amplification of tyrosine kinase genes are rare in prostate
cancer (8). This reveals why clinical administration of tyrosine ki-
nase inhibitors for the treatment of advanced prostate cancer has
been less effective and strongly implies that a more complete un-
derstanding of the tyrosine kinases that contribute to this disease is
warranted (12, 13).
Despite the paucity of activating somatic mutations in tyrosine

kinases, recent evidence suggests that tyrosine kinase phosphory-
lation in prostate cancer contributes to disease progression. In
androgen-depleted conditions, tyrosine kinase, non-receptor, 2
(TNK2 or ACK1), SRC, and erythroblastic leukemia viral onco-
gene homolog 2 [ERBB2 (HER-2/neu)] tyrosine kinase activity
can restore AR function in prostate cancer cells (14–17). Increased
expression of the tyrosine kinase SRC and AR can synergistically

drive frank carcinoma of the mouse prostate (18). This relation-
ship results in robust activation of SRC tyrosine kinase andMAPK
signaling (18). SRC activity was also observed in a subset of cas-
tration-resistant prostate cancer (CRPC) patients, which corre-
lated with lower overall survival and increased metastatic disease
(19). These data support the idea that tyrosine kinase activity may
play a prominent role in prostate cancer progression in the absence
of activating mutations.
Nearly 50% of tyrosine kinases are thought to contribute to

human cancers, yet tyrosine phosphorylation represents less than
1% of the phosphoproteome (20). Sensitive and specific methods
capable of enriching tyrosine phosphorylated peptides via antibody
binding followed by quantitative mass spectrometry (MS) identi-
fication has become useful for the elucidation of tyrosine kinase
signaling pathways, nodes, and negative feedback mechanisms in
different cancer types (21–23). The ability to sensitively charac-
terize pathway alterations in the presence of activated tyrosine
kinases or tyrosine kinase inhibitors can allow for the identification
of new potential drug targets (21, 24). We use this approach to
identify and characterize tyrosine kinase signaling networks in
transformed tissues that do not express mutated tyrosine kinases.
Global tyrosine phosphorylation in clinical prostate cancer

samples was measured by immunohistochemistry (IHC) and
showed a substantial increase in tyrosine phosphorylation in late-
stage disease. To study this in a controlled manner, we evaluated
tyrosine phosphorylation in a mouse model of prostate cancer
progression using oncogenes common to prostate tumorigenesis
and observed robust tyrosine phosphorylation in the advanced tu-
mor phenotypes. Unbiased phosphotyrosine proteomics was used
to investigate the specific tyrosine kinase signaling pathways acti-
vated by each of the nontyrosine kinase oncogenes. Analysis of the
tyrosine phosphoproteome of these tumors revealed oncogene-
specific tyrosine kinase activation including EGFR, ephrin type A
receptor 2 (EPHA2), JAK2, ABL1, and SRC.

Results
Tyrosine Phosphorylation Is Increased in Clinical Castration-Resistant
Prostate Cancer Samples. We performed IHC staining of prostate
cancer tissue microarrays with the tyrosine phosphorylation-

Author contributions: J.M.D. and O.N.W. designed research; J.M.D., T.S., A.S.G., H.C., and
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specific antibody 4G10 to evaluate phosphotyrosine expression
during disease progression. CRPC (androgen independent)
exhibited a robust increase in phosphotyrosine staining intensity
compared with benign prostate, the precursor lesion high-grade
prostatic intraepithelial neoplasia (HGPIN), or hormone naïve
(androgen dependent) prostate cancer (HNPC) (Fig. 1A). Anal-
ysis of these tissue microarray samples indicated that 44% of
CRPC specimens stain for phosphotyrosine at moderate to high
levels (staining intensity 2–3), whereas only 11% of normal, 2% of
HGPIN, and 2% of HNPC tissues stain at this intensity (Fig. 1B).
Further, the average staining intensity of all of the CRPC tissue
samples was significantly increased by over twofold compared
with the other clinical phenotypes (Fig. 1C). These data reveal
that tyrosine phosphorylation is present and elevated in CRPC
and raise the notion that systemic treatment of patients with this
disease may induce this response.

Tyrosine Phosphorylation Is Robust in Mouse Models of Advanced
Prostate Cancer. The observation of increased tyrosine phosphory-
lation in late-stage prostate cancer specimens raises the question of
whether tyrosine kinase activity is evident in prostate cancer models
that do not express mutated or amplified tyrosine kinases. We re-
capitulated different stages of prostate cancer ranging from prostate
intraepithelial neoplasia (PIN) to adenocarcinoma using the pros-
tate in vivo regeneration model system (25, 26). We chose four of
the most commonly perturbed oncogenes in prostate cancer, both
in androgen-dependent and -independent states: activated AKT
(myristoylated AKT, resembling PTEN deletion, ∼40–70% of
prostate cancers), AR amplification (∼20–60% of prostate cancers),
ERG rearrangements (∼40–70% of prostate cancers), and activated
K-RAS (K-RASG12V, resembling RAS/RAF pathway activation,
observed in ∼40–50% of prostate cancers) (7, 8, 11, 27–30).
We infected total mouse prostate cells with AKT alone or in

combination with each respective oncogene using a lentiviral
vector delivery system (Fig. 2A) and evaluated the histological
phenotype of the resulting tumors after 12 wk. These tumors dis-
played histological characteristics of PIN (AKT), well differenti-
ated and less aggressive cancer (AKT/ERG), or adenocarcinoma
(AKT/AR and AKT/K-RASG12V) (Fig. 2B). IHC and Western
blot analysis confirmed ectopic expression of each oncogene (Fig.
S1 A and B). IHC staining and Western blot analyses displayed
a gradient of phosphotyrosine expression in these tumors ranging
from low to undetectable levels of tyrosine phosphorylation in the
normal and indolent lesions (mouse prostate, AKT, or AKT/
ERG) to very high levels in the more advanced tumors (AKT/AR
and AKT/K-RASG12V) (Fig. 2B and Fig. S2 A and B).

Phosphoproteomic Profiling Identifies Oncogene-Dependent Tyrosine
Phosphorylation of Kinases and Phosphatases. We enriched for ty-
rosine phosphorylated peptides and performed quantitative label-

free MS to identify phosphopeptides that contribute to this in-
creased tyrosine phosphorylation (21, 31). We identified 139
phosphopeptides corresponding to 102 proteins (Dataset S1).
Statistical analysis (ANOVA, 0.2 cutoff) revealed differential
phosphorylation of 116 phosphopeptides corresponding to 87
proteins across all of the tumor phenotypes. Unsupervised hier-
archical clustering analysis identified unique and overlapping
patterns of tyrosine phosphorylated peptides for each tumor type,
with an increased abundance of tyrosine phosphorylation events
observed in the more advanced tumors (AKT/AR and AKT/K-
RASG12V) (Fig. 3A and Fig. S3). These data demonstrate on-
cogene-specific signatures of phosphotyrosine activation across
the spectrum of prostate cancer progression.
From theMSdata, the activation sites of several tyrosine kinases

and protein phosphatases were identified in the specific tumor

Fig. 1. Robust phosphotyrosine expression is observed in
castration-resistant prostate cancer (CRPC) specimens. (A)
Representative image of immunohistochemical staining
using the phosphotyrosine-specific antibody, 4G10, of
prostate specimens ranging from normal to CRPC. Tissue
spots from patients with CRPC show high levels of phos-
photyrosine expression in the epithelial compartment. (B)
Increased tyrosine phosphorylation is observed in CRPC,
with nearly 50% of the patients displaying high-intensity
staining (2, 3) compared with normal, HGPIN, or HNPC tis-
sues. (C) Average staining intensity of all of the tissues
clearly show a significant increase of tyrosine phosphory-
lation in CRPC patients. HGPIN, high-grade prostatic intra-
epithelial neoplasia; HNPC, hormone naïve prostate cancer;
HRPC, hormone refractory prostate cancer. ***P < 0.001,
one-way ANOVA. (Scale bar, 200 μm.)

Fig. 2. Phosphotyrosine expression is increased during prostate cancer pro-
gression. (A) Lentiviral vector diagram displaying the organization of oncogene
andfluorescentmarker expressionused in these tumors. (B) Gross andhistological
morphology of each tumor type after 12-wk engraftment in SCIDmice using the
prostate regeneration protocol. Fluorescence corresponds to expression of a par-
ticular oncogene. IHC staining of progressivemouse tumorphenotypes reveals an
increasing gradient of phosphotyrosine expression with more aggressive tumors
expressing higher levels than indolent tumors. TI, transillumination; H&E, hema-
toxylin and eosin; pY, phosphotyrosine. (Scale bars, 50 μm.)
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types (Table 1 and Figs. S3 and S4) (32). Consistent with these
findings, Western blotting confirmed high levels of a second
EGFR phosphorylation site (Y1068) and PTPN11 (SHP-2) Y584 in
AKT/ERG tumors (Fig. 3B). Activation of the JAK/STAT path-
way was also revealed in AKT/AR tumors as high levels of phos-
phorylation of STAT3 Y705 were observed. Western blotting
confirmed activation of the upstream kinase JAK2Y1007/08 and
STAT3 Y705 in this tumor type (Fig. 3B). We additionally identi-
fied an increase in phosphorylation of PTK2B/PYK2/FAK2 Y579

and Y849 in AKT/K-RASG12V tumors and Western blot con-
firmed the phosphorylation of the activation site Y402 of PTK2B
(Fig. 3B). Together, these data demonstrate that each combina-

tion of prostate cancer oncogenes generates distinct patterns of
tyrosine kinase and phosphatase activity.

Bioinformatic Inference of Tyrosine Kinase Activity Reveals Enrichment
of Dasatinib Targets in AKT/AR Tumors. In addition to direct obser-
vation of phosphorylated tyrosine kinases and phosphatases by
MS, we sought to use the phosphotyrosine peptide data to infer
kinase activities specific to each tumor type. We predicted the
activated kinases directly upstream for each observed phosphor-
ylation site using known relationships from PhosphoSite (32),
kinase motifs from PhosphoMotif Finder (33) and Phosida (34),
and predictions from NetworKin (35). We then performed an

Fig. 3. Unique phosphotyrosine signatures are observed in
a mouse model of prostate cancer progression. (A) Heatmap
representing unique clusters of tyrosine phosphorylation for each
mouse tumor phenotype. Each row corresponds to a unique
phosphopeptide. Red, hyperphosphorylation; green, hypo-
phosphorylation for each phosphopeptide. (B) Specific tyrosine
kinases are observed in an oncogene-specific fashion. Signal-to-
noise ratio (SNR) (relative to AKT) was calculated for each phos-
phorylation event and plotted. Positive SNR confirms elevation of
that particular phosphorylation event. Western blotting validates
indicated oncogene-specific phosphorylation results.

Table 1. Oncogene-specific phosphoactivation of tyrosine kinases and phosphatases

Oncogene
combination

Tyrosine kinase
(phosphoresidue)

Tyrosine phosphatase
(phosphoresidue)

Functional
significance*

AKT/ERG EGFR (Y1172) PTPN11 (Y584) Enzymatic activation
PTPRA (Y825) Enzymatic activation
INPPL1 (Y1136) Unknown

AKT/AR JAK2 (Y1007/08)† PTPN11 (Y62) Enzymatic activation
AKT/KRASG12V EPHA2 (Y595) Enzymatic activation

LYN (Y508) Enzymatic inhibition
PTK2B (Y579) Unknown
PTK2B (Y849) Unknown
EPHA2 (Y773) Unknown

AKT/ERG FER (Y402) Alters cell motility
AKT/AR
AKT/KRASG12V

All measured phosphorylation events are relative to AKT-only lesions.
*Source: Phosphosite (http://www.phosphosite.org).
†JAK2 was not identified by MS, but inferred on the basis of high STAT3 Y705 phosphorylation observed in AKT/AR tumors.
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enrichment analysis of kinase-associated phosphorylation targets
(Materials and Methods) to determine which kinase activities were
predicted to be highly active in each tumor type.
Using this unbiased bioinformatic approach, we identified

a statistically significant enrichment of the EGFR kinase substrate
(D|E)pY in AKT/ERG but not in AKT/AR or AKT/K-
RASG12V tumors (Fig. S5 and Dataset S2). Notably, this bio-
informatic prediction was in direct agreement with our phospho-
proteomic and Western blot data (Fig. 3B). Inference of kinase
activity in AKT/K-RASG12V tumors further revealed an enrich-
ment of ERK1/2 and MEK1/2 substrates, consistent with direct
activation of MAPK signaling by the K-RASG12V oncogene (Fig.
4B and Fig. S4 and Dataset S2) (36).
Evaluating kinase activity from AKT/AR phosphopeptides

revealed statistically significant enrichment of two motifs associ-
ated with ABL1 and SRC kinases [EXIpYXXP and (I|V|L|S)
XpYXX(L|I), respectively] (37). Because these kinases are both
targets of the tyrosine kinase inhibitor, dasatinib, we combined
these motifs into a “dasatinib target” group and found enrichment
of predicted ABL1 and SRC substrates in AKT/AR tumors (Fig.
4A and Dataset S2). AKT/K-RASG12V and AKT/ERG tumors
demonstrated modest and no enrichment of these motifs, re-
spectively. Western blotting and IHC validated this bioinformatic
prediction, as both SRC Y416 and ABL1 Y245 were highly phos-
phorylated only in the AKT/AR tumor type, whereas SRC Y416

but not ABL1 Y245 were phosphorylated in AKT/ERG and AKT/
K-RASG12V tumors (Fig. 4 B and C). This result demonstrates
that substrate-based bioinformatic approaches for inferring kinase
activity can reveal oncogene-specific tyrosine kinase activation not
originally identified directly by phospho-MS.

Assembly of Oncogene-Specific Tyrosine Kinase Signaling Networks
fromPhosphoproteomic Data and Public Databases.Wenext sought to
combine our phosphopeptide and bioinformatics data with in-
formation from public databases of protein–protein interactions
(Human Protein Reference Database, HPRD) and posttransla-

tional modifications (Phosphosite) to manually construct tyrosine
kinase signaling networks for each oncogene combination. InAKT/
ERG tumors, identification of the EGFR substrate Y771 of phos-
pholipase C, gamma 1 (PLCG1), and EGFR interacting proteins
catenin, delta 1 (p120 catenin, CTNND1), PTPN11, and PTPRA,
suggest strong association and activation of the EGFR tyrosine
kinase pathway (Fig. 5). In AKT/AR tumors, detection of elevated
SRC andABL1 activity prompted us to investigate other substrates
and binding partners of these kinases within our phosphoproteomic
data. The identification of SRC and ABL1 substrates Y705 of
STAT3, Y14 of caveolin-1 (CAV-1), and Y1007/1008 of JAK2 with
binding partners vinculin (VCL) Y822, paxillin (PXN) Y118,
CTNND1 Y96, and PTPN11 Y62, suggest that, along with JAK2,
these kinases act in concert toward the development of AKT/AR
tumors (Fig. 5). The identification of the activation site of EPHA2
Y595 and downstream effectors ERK1Y204 and ERK2Y184 reveals
strong MAPK activation in AKT/K-RASG12V tumors (Fig. 5).
Further, the identification of VCLY822 and PXNY118 in AKT/AR
and AKT/K-RASG12V tumors suggests that regulation of focal
adhesions may be important for motility and survival in these
tumors. The phosphorylation of PXN at Y118 by focal adhesion
kinase (FAK) increases cell motility and survival, which are char-
acteristic features of cells that have undergone an epithelial-to-
mesenchymal transition (EMT) (38). The possibility of an EMT
phenotype would be consistent with previous tumor phenotypes
where SRC activation was observed (18). The manual curation of
phosphotyrosine networks suggest novel associations of tyrosine
kinase signaling with defined oncogenic insults in prostate cancer.

Discussion
Many studies have linked the aberrant activation of tyrosine
kinases by somatic mutation or DNA amplification to a wide array
of cancers (39, 40). We demonstrate oncogene-specific signatures
of global phosphotyrosine activity without ectopic expression of
mutant tyrosine kinases in a mouse model of prostate cancer
progression. The activation of tyrosine kinase signaling suggests

Fig. 4. Bioinformatic analysis reveals enrichment of dasatinib
tyrosine kinase targets in AKT/AR tumors. (A) Enrichment analysis
of tyrosine phosphosite motifs reveals enrichment of phospho-
substrates of the tyrosine kinases ABL and SRC, targets of the
tyrosine kinase inhibitor dasatinib, in AKT/AR tumors. No signifi-
cant enrichment of these phosphopeptides were observed in ei-
ther AKT/ERG or AKT/K-RASG12V tumors. Enrichment scores for
all kinasemotifs are shown in Dataset S2. (B) Western blot and (C)
IHC staining for the activated kinases ABL, SRC, or ERK1/2 reveal
tumor-specific activation of these kinases. (Scale bars, 50 μm.)
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the presence of alternative mechanisms regulating tyrosine kinase
activity not related to activating mutations (18, 21, 22). These in-
clude but are not limited to loss of negative feedback mechanisms
(e.g., increased or decreased phosphatase activity), transcriptional
up-regulation of kinases, or increased stabilization of tyrosine
kinases through decreased protein degradation (22, 41, 42). Our
data suggest that some of these mechanisms may control tyrosine
kinase signaling in our mouse model of prostate cancer.
Tyrosine phosphorylation of the protein tyrosine phosphatase

PTPN11 may contribute to the phosphotyrosine signatures ob-
served in our tumors. Activity of this phosphatase is often associ-
ated with increased signaling activity (43, 44). This phosphatase
was highly phosphorylated on Y62 and Y584 in AKT/AR and AKT/
ERG tumors, respectively. In EGFR-expressing fibroblasts, epi-
dermal growth factor (EGF) stimulation resulted in Y584 phos-
phorylation of PTPN11 leading to RAS/ERK pathway activation
(45). This supports our findings that Y584 of PTPN11 is highly
phosphorylated in AKT/ERG tumors and suggests receptor tyro-
sine kinase pathway-mediated activation of PTPN11. PTPN11
inhibition leads to decreased xenograft growth of lung and pros-
tate tumors and reduced activity of numerous tyrosine kinases,
including SRC (46). PTPN11 Y62/63 activation results in tyrosine

dephosphorylation of the inactive site of SRCY530 by regulation of
the Csk regulator PAG/Cbp, indicating that SRC activity in AKT/
AR tumors may be dependent on PTPN11 activation (43, 46).
Transcriptional up-regulation of tyrosine kinases may also en-

hance tyrosine kinase activity as suggested by the phosphorylation
of EPHA2 at Y595 in the AKT/K-RASG12V tumors. EPHA2 was
shown to be a transcriptional target of the RAS–MAPK pathway
and ligand-stimulated EPHA2 negatively regulates RAS activity
(47). Constitutive activation of RAS through mutation bypasses
the negative regulation of EPHA2 and results in increased MAPK
activation, which is in direct agreement with our phosphoproteo-
mic data. RAS activation may reveal why high expression levels of
EPHA2 protein are observed in breast and prostate cancer and
supports further clinical investigation of the connection between
RAS mutation and EPHA2 status in these diseases (48, 49).
Tyrosine kinase activation offers therapeutic opportunities fol-

lowing the emerging successes of tyrosine kinase inhibitor thera-
pies (5, 50). Our observation of SRC activity supports previous
work that this kinase synergizes with other genes, including AR, to
contribute to prostate adenocarcinoma (18, 51). SRC has also
been shown to interact with the intracellular region of ERBB2
(HER-2), supporting the notion that SRC may be an important
node for targeted therapy in advanced prostate cancer (17, 52). In
support of these data, the SRC and ABL1 tyrosine kinase inhibitor
dasatinib in combination with docetaxel is currently in phase III
clinical trials for advanced prostate cancer and has shown modest
phase I/II trial results in overall patient survival (53). Due to the
heterogeneity of prostate cancer, this modest effect may be a result
of the general administration of dasatinib without stratification of
patients on the basis of SRC and ABL1 activity.
Strong activation of the EGFR pathway was observed in AKT/

ERG-expressingmouse prostate tumors. Roughly half of all prostate
cancer patients display the TMPRSS2-ERG translocation, a gene
rearrangement fusing the androgen-regulated promoter of
TMPRSS2 with the ETS transcription factor ERG, which is consid-
ered to be a marker for prostate cancer progression from PIN to
adenocarcinoma (54). The product of the TMPRSS2-ERG trans-
location was shown to interact with the enzyme poly (ADP ribose)
polymerase 1 (PARP1), and inhibition of this enzyme abrogates
growth of prostate cancer xenografts that ectopically express ERG
(55). PARP1 inhibition represents a promising treatment option for
patients with TMPRSS2-ERG translocations. Our data suggest that
EGFR activity level is another candidate target in patients with
TMPRSS2-ERG translocations. This result is in agreement with
recent reports of SPINK1+/ETS− prostate cancers where SPINK1-
mediated growth occurs via EGFR signaling, demonstrating alter-
native pathways to activateEGFR(56). It will be important to further
evaluate the relationship betweenEGFRactivity andERGclinically.
Our data suggest the molecular stratification of patients to

target prostate cancer with tyrosine kinase inhibitors even in
tumors without obvious tyrosine kinase mutations. Future work
will extend this approach to prostate cancer patients to match ty-
rosine kinase inhibitor therapies with signaling activation patterns
for targeted treatment of this disease.

Materials and Methods
Clinical Prostate Tissue Microarrays, Lentiviral Vector Construction, Prostate
Regeneration and Prostate Epithelial Viral Infections, and Western Blot and
Immunohistochemistry can be found in SI Materials and Methods.

Quantitative Analysis of Phosphotyrosine Peptides by Mass Spectrometry. A
total of 300–500 mg of frozen tumor mass was homogenized and sonicated
in urea lysis buffer (20 mM Hepes pH 8.0, 9 M urea, 2.5 mM sodium pyro-
phosphate, 1.0 mM β-glycerophosphate, 1% N-octyl glycoside, 2 mM sodium
orthovanadate). A total of 35 mg of total protein was used for phospho-
tyrosine peptide immunoprecipitation as previously described (21, 57, 58).
Additional details can be found in SI Materials and Methods.

Prediction of Kinase-Substrate Relationships. For each phosphopeptide, we
predicted the potential upstream kinases using three types of data: (i)
NetworKIN 2.0 kinase-substrate relationships (http://networkin.info/version_
2_0/search.php), (ii) PhosphoSite kinase-substrate dataset (http://www.

Fig. 5. Curation of phosphoproteomic profiling and bioinformatics delin-
eates distinct tyrosine kinase signaling pathways in an oncogene-specific
manner. Selected substrate and interaction pathways from each tyrosine
kinase were generated from a combination of our phosphoproteomics
dataset and the HPRD and Phosphosite databases. An elevated phosphory-
lation event identified by MS is indicated by a phosphorylation residue
depicted above the protein and color coded. Solid arrow, protein is a direct
substrate of the upstream kinase at that site. Dashed arrow, protein inter-
acts directly with the upstream kinase/protein. Dotted arrow, protein is
found within the pathway of the upstream kinase/protein.
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phosphosite.org/), and (iii) consensus kinase motifs culled from the Human
Protein Reference Database’s PhosphoMotif Finder (http://www.hprd.org/
PhosphoMotif_finder) and Phosida (http://www.phosida.de/).

Enrichment Analysis of Kinase Activity. Phosphotyrosine peptides were ranked
bythesignal-to-noiseratioobservedforagivenperturbation(e.g.,AKT/ARtumors
compared with AKT alone). Having annotated the phosphopeptides with their
predicted upstream kinases, we calculated a Kolmogorov–Smirnov statistic
against the expected distribution for each upstream kinase. The statistical sig-
nificance of enrichment was then determined by permutation analysis. This ap-
proach is analogous to the normalized enrichment score of gene set enrichment
analysis (59). The enrichment scores for all putative upstream kinases are shown
in Dataset S2. Additional details can be found in the SI Materials and Methods.

ACKNOWLEDGMENTS. We thank members of the O.N.W. laboratory for
helpful comments and discussion on the manuscript. We thank Mireille

Riedinger for purifying the 4G10 antibody used in MS studies. We thank the
Tissue Procurement Core Laboratory at University of California, Los Angeles
(UCLA) for assistance on tissue processing and H&E staining. J.M.D. is supported
by the Department of Defense Prostate Cancer Research Program (PC101928). J.
M.D., N.A.G., and D.A.S. are supported by the UCLA Tumor Biology Program, US
Department of Health and Human Services, Ruth L. Kirschstein Institutional
National Research Service Award T32 CA009056. T.S. is supported by California
Institute for Regenerative Medicine Training Grant TG2-01169. A.S.G. is sup-
ported by a Career Development Award from the Specialized Program of Re-
search Excellence (SPORE) in Prostate Cancer [Principal Investigator (PI), Robert
Reiter]. J.H. is supported by UCLA SPORE in Prostate Cancer (PI, Robert Reiter),
Department ofDefense Prostate Cancer Research Program (PC101008), CalTech-
UCLA Joint Center for Translational Medicine Program, and National Cancer
Institute (1R01CA158627-01; PI, Leonard Marks). T.G.G. is partially supported
by the CalTech-UCLA Joint Center for Translational Medicine. J.H. and O.N.W.
are supported by a Prostate Cancer Foundation Challenge Award (to O.N.W., PI).
O.N.W. is an Investigator of the Howard Hughes Medical Institute.

1. Nakahara M, et al. (1998) A novel gain-of-function mutation of c-kit gene in gas-
trointestinal stromal tumors. Gastroenterology 115:1090–1095.

2. Ben-Neriah Y, Daley GQ, Mes-Masson AM, Witte ON, Baltimore D (1986) The chronic
myelogenous leukemia-specific P210 protein is the product of the bcr/abl hybrid
gene. Science 233:212–214.

3. Dienstmann R, Martinez P, Felip E (2011) Personalizing therapy with targeted agents
in non-small cell lung cancer. Oncotarget 2:165–177.

4. Kim KS, et al. (2005) Predictors of the response to gefitinib in refractory non-small cell
lung cancer. Clin Cancer Res 11:2244–2251.

5. Druker BJ, et al. (2001) Activity of a specific inhibitor of the BCR-ABL tyrosine kinase in
the blast crisis of chronic myeloid leukemia and acute lymphoblastic leukemia with
the Philadelphia chromosome. N Engl J Med 344:1038–1042.

6. Heinrich MC, et al. (2003) Kinase mutations and imatinib response in patients with
metastatic gastrointestinal stromal tumor. J Clin Oncol 21:4342–4349.

7. Tomlins SA, et al. (2005) Recurrent fusion of TMPRSS2 and ETS transcription factor
genes in prostate cancer. Science 310:644–648.

8. Taylor BS, et al. (2010) Integrative genomic profiling of human prostate cancer.
Cancer Cell 18:11–22.

9. Visakorpi T, et al. (1995) In vivo amplification of the androgen receptor gene and
progression of human prostate cancer. Nat Genet 9:401–406.

10. Jenkins RB, Qian J, Lieber MM, Bostwick DG (1997) Detection of c-myc oncogene
amplification and chromosomal anomalies in metastatic prostatic carcinoma by
fluorescence in situ hybridization. Cancer Res 57:524–531.

11. Yoshimoto M, et al. (2006) Interphase FISH analysis of PTEN in histologic sections
shows genomic deletions in 68% of primary prostate cancer and 23% of high-grade
prostatic intra-epithelial neoplasias. Cancer Genet Cytogenet 169:128–137.

12. PezaroC, et al. (2009)Anopen-label, single-armphase twotrial ofgefitinib inpatientswith
advanced or metastatic castration-resistant prostate cancer. Am J Clin Oncol 32:338–341.

13. Curigliano G, et al. (2007) Absence of epidermal growth factor receptor gene mu-
tations in patients with hormone refractory prostate cancer not responding to gefi-
tinib. Prostate 67:603–604.

14. Guo Z, et al. (2006) Regulation of androgen receptor activity by tyrosine phosphor-
ylation. Cancer Cell 10:309–319.

15. Mahajan NP, et al. (2007) Activated Cdc42-associated kinase Ack1 promotes prostate
cancer progression via androgen receptor tyrosine phosphorylation. Proc Natl Acad
Sci USA 104:8438–8443.

16. Liu Y, et al. (2010) Dasatinib inhibits site-specific tyrosine phosphorylation of andro-
gen receptor by Ack1 and Src kinases. Oncogene 29:3208–3216.

17. Craft N, Shostak Y, Carey M, Sawyers CL (1999) A mechanism for hormone-in-
dependent prostate cancer through modulation of androgen receptor signaling by
the HER-2/neu tyrosine kinase. Nat Med 5:280–285.

18. Cai H, Babic I, Wei X, Huang J, Witte ON (2010) Invasive prostate carcinoma driven by
c-Src and androgen receptor synergy. Cancer Res 71:862–872.

19. Tatarov O, et al. (2009) SRC family kinase activity is up-regulated in hormone-re-
fractory prostate cancer. Clin Cancer Res 15:3540–3549.

20. Del Rosario AM, White FM (2010) Quantifying oncogenic phosphotyrosine signaling
networks through systems biology. Curr Opin Genet Dev 20:23–30.

21. Rubbi L, et al. (2011) Global phosphoproteomics reveals crosstalk between Bcr-Abl
and negative feedback mechanisms controlling Src signaling. Sci Signal 4:ra18.

22. Sun T, et al. (2011) Activation of multiple proto-oncogenic tyrosine kinases in breast
cancer via loss of the PTPN12 phosphatase. Cell 144:703–718.

23. Rikova K, et al. (2007) Global survey of phosphotyrosine signaling identifies onco-
genic kinases in lung cancer. Cell 131:1190–1203.

24. Li J, et al. (2010) A chemical and phosphoproteomic characterization of dasatinib
action in lung cancer. Nat Chem Biol 6:291–299.

25. Lawson DA, et al. (2010) Basal epithelial stem cells are efficient targets for prostate
cancer initiation. Proc Natl Acad Sci USA 107:2610–2615.

26. Goldstein AS, Huang J, Guo C, Garraway IP, Witte ON (2010) Identification of a cell of
origin for human prostate cancer. Science 329:568–571.

27. Bismar TA, et al. (2011) PTEN genomic deletion is an early event associated with ERG
gene rearrangements in prostate cancer. BJU Int 107:477–485.

28. Linja MJ, et al. (2001) Amplification and overexpression of androgen receptor gene in
hormone-refractory prostate cancer. Cancer Res 61:3550–3555.

29. Clark J, et al. (2007) Diversity of TMPRSS2-ERG fusion transcripts in the human pros-
tate. Oncogene 26:2667–2673.

30. Brenner JC, Chinnaiyan AM (2009) Translocations in epithelial cancers. Biochim Bio-
phys Acta 1796:201–215.

31. Rush J, et al. (2005) Immunoaffinity profiling of tyrosine phosphorylation in cancer
cells. Nat Biotechnol 23:94–101.

32. Hornbeck PV, Chabra I, Kornhauser JM, Skrzypek E, Zhang B (2004) PhosphoSite: A
bioinformatics resource dedicated to physiological protein phosphorylation. Proteo-
mics 4:1551–1561.

33. Amanchy R, et al. (2007) A curated compendium of phosphorylation motifs. Nat Bi-
otechnol 25:285–286.

34. Gnad F, Gunawardena J, Mann M (2011) PHOSIDA 2011: The posttranslational
modification database. Nucleic Acids Res 39(Database issue):D253–D260.

35. Linding R, et al. (2008) NetworKIN: A resource for exploring cellular phosphorylation
networks. Nucleic Acids Res 36(Database issue):D695–D699.

36. Schubbert S, Shannon K, Bollag G (2007) Hyperactive Ras in developmental disorders
and cancer. Nat Rev Cancer 7:295–308.

37. Keshava Prasad TS, et al. (2009) Human Protein Reference Database—2009 update.
Nucleic Acids Res 37(Database issue):D767–D772.

38. Subauste MC, et al. (2004) Vinculin modulation of paxillin-FAK interactions regulates
ERK to control survival and motility. J Cell Biol 165:371–381.

39. Kan Z, et al. (2010) Diverse somatic mutation patterns and pathway alterations in
human cancers. Nature 466:869–873.

40. Olivier M, Taniere P (2011) Somatic mutations in cancer prognosis and prediction:
Lessons from TP53 and EGFR genes. Curr Opin Oncol 23:88–92.

41. Bao J, GurG, YardenY (2003) Src promotesdestructionof c-Cbl: implications foroncogenic
synergy between Src and growth factor receptors. Proc Natl Acad Sci USA 100:2438–2443.

42. Pasquale EB (2010) Eph receptors and ephrins in cancer: Bidirectional signalling and
beyond. Nat Rev Cancer 10:165–180.

43. Zhang SQ, et al. (2004) Shp2 regulates SRC family kinase activity and Ras/Erk activa-
tion by controlling Csk recruitment. Mol Cell 13:341–355.

44. Cunnick JM, et al. (2002) Regulation of the mitogen-activated protein kinase signal-
ing pathway by SHP2. J Biol Chem 277:9498–9504.

45. Mitra S, Beach C, Feng GS, Plattner R (2008) SHP-2 is a novel target of Abl kinases
during cell proliferation. J Cell Sci 121:3335–3346.

46. Ren Y, et al. (2010) Critical role of Shp2 in tumor growth involving regulation of c-
Myc. Genes Cancer 1:994–1007.

47. Macrae M, et al. (2005) A conditional feedback loop regulates Ras activity through
EphA2. Cancer Cell 8:111–118.

48. Walker-Daniels J, et al. (1999) Overexpression of the EphA2 tyrosine kinase in pros-
tate cancer. Prostate 41:275–280.

49. Zelinski DP, Zantek ND, Stewart JC, Irizarry AR, Kinch MS (2001) EphA2 overexpression
causes tumorigenesis of mammary epithelial cells. Cancer Res 61:2301–2306.

50. Verweij J, et al. (2004) Progression-free survival in gastrointestinal stromal tumours
with high-dose imatinib: Randomised trial. Lancet 364:1127–1134.

51. Cai H, et al. (2011) Differential transformation capacity of Src family kinases during
the initiation of prostate cancer. Proc Natl Acad Sci USA 108:6579–6584.

52. Ishizawar RC, Miyake T, Parsons SJ (2007) c-Src modulates ErbB2 and ErbB3 hetero-
complex formation and function. Oncogene 26:3503–3510.

53. Araujo JC, et al. (2011) Dasatinib combined with docetaxel for castration-resistant
prostate cancer: Results from a phase 1-2 study. Cancer 118:63–71.

54. Carver BS, et al. (2009) Aberrant ERG expression cooperates with loss of PTEN to
promote cancer progression in the prostate. Nat Genet 41:619–624.

55. Brenner JC, et al. (2011) Mechanistic rationale for inhibition of poly(ADP-ribose)
polymerase in ETS gene fusion-positive prostate cancer. Cancer Cell 19:664–678.

56. Ateeq B, et al. (2011) Therapeutic targeting of SPINK1-positive prostate cancer. Sci
Transl Med 3(72):72ra17.

57. Skaggs BJ, et al. (2006) Phosphorylation of the ATP-binding loop directs oncogenicity
of drug-resistant BCR-ABL mutants. Proc Natl Acad Sci USA 103:19466–19471.

58. Zimman A, et al. (2010) Activation of aortic endothelial cells by oxidized phospholi-
pids: A phosphoproteomic analysis. J Proteome Res 9:2812–2824.

59. Subramanian A, et al. (2005) Gene set enrichment analysis: A knowledge-based ap-
proach for interpreting genome-wide expression profiles. Proc Natl Acad Sci USA 102:
15545–15550.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1120985109 Drake et al.



Justin Drake  
2011 MIMG Departmental Retreat 

October, Los Angeles, CA 
 

Non-Tyrosine Kinase Oncogenes Drive Distinct Tyrosine 
Phosphorylation Profiles in a Model of Progressive Prostate Cancer 

 
Justin M. Drake, Nicholas A. Graham, Tanya Stoyanova, Amir Sedghi, Andrew S. Goldstein, 
Houjian Cai, Daniel A. Smith, Hong Zhang, Evangelia Komisopoulou, Jiaoti Huang, Thomas G. 
Graeber, Owen N. Witte 
 

Abstract 

Despite the numerous oncogenic alterations that are implicated in prostate cancer, dominant 

mutation or amplification of tyrosine kinases are not readily observed. While dominant acting 

kinases are absent in prostate cancer, recent literature implicates tyrosine kinase activity in 

advanced disease, although the mechanisms of how these kinases contribute to prostate cancer 

progression are largely unknown. Here, we observed increased tyrosine phosphorylation in a 

large subset of clinical prostate cancer patients with castration resistant disease or lymph node 

positive metastasis, raising the questions of whether tyrosine kinase activity is important for and 

which tyrosine kinases contribute to disease progression. Using the most common perturbed 

oncogenes and pathways in prostate cancer, we created different transformation phenotypes of 

this disease and investigated whether tyrosine kinase activity is observed in these tumors. 

Interestingly, we detected significant tyrosine phosphorylation in the tumor types with 

adenocarcinoma, without ectopic overexpression or mutation of any tyrosine kinase, when 

compared to indolent tumors displaying hyperplasia or prostate intraepithelial neoplasia (PIN). 

To identify the phosphorylated proteins, we enriched for tyrosine phosphorylated peptides 

followed by their identification using mass spectrometry. This approach, in addition to the 

prediction of substrate/kinase relationships, revealed a statistical enrichment of substrate targets 

of the tyrosine kinase inhibitor, dasatinib, in the more aggressive tumor types. Based on this 

enrichment, we evaluated the efficacy of dasatinib on tumors not expressing a dominant kinase 

using FDG-PET imaging. Taken together, identification of specific tyrosine phosphorylated 

peptides from genetically-defined tumor models suggests that treating patients via tyrosine 

kinase nodes even when tyrosine kinases are not amplified or mutated. 
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Abstract 

Prostate cancer is the most highly diagnosed and second leading cause of cancer related death in 

American men. Despite the numerous oncogenic alterations implicated in prostate cancer, 

dominant activating mutations or DNA amplification of tyrosine kinases are not readily 

observed. We demonstrate that castration resistant prostate cancer (CRPC) exhibits increased 

tyrosine phosphorylation, raising the question of whether enhanced tyrosine kinase activity is 

observed in this disease in the absence of specific tyrosine kinase mutations. We generated a 

mouse model of prostate cancer progression using combinations of commonly perturbed non-

tyrosine kinase oncogenes and pathways, including myristoylated Akt (Akt), androgen receptor 

(AR), Erg, and activated Kras (KrasG12V). We recapitulated the different stages of prostate 

cancer ranging from the precursor lesion prostatic intraepithelial neoplasia (PIN) (Akt) to low 

grade cancer (Akt+Erg) to highly aggressive prostatic adenocarcinoma (Akt+AR or 

Akt+KrasG12V). We detected a significant upregulation of tyrosine phosphorylation at the 

advanced adenocarcinoma stage. Phosphotyrosine peptide enrichment and quantitative mass 

spectrometry identified oncogene-specific tyrosine kinase signatures, including activation of Egfr 

Y1172 (Akt+Erg), EphA2 Y595 (Akt+KrasG12V), and Jak2 Y1007/08 (Akt+AR). Kinase:substrate 

relationship analysis of the phosphopeptides also revealed Abl Y245 and Src Y416 tyrosine kinase 

activation in Akt+AR tumors; known targets of the tyrosine kinase inhibitor Dasatinib. We are 

currently evaluating the efficacy of tyrosine kinase inhibitors on non-tyrosine kinase driven 

tumors. In summary, the observation of elevated phosphotyrosine signaling in advanced prostate 

cancer and identification of specific tyrosine kinase pathways from genetically-defined tumor 

models points to new therapeutic approaches using tyrosine kinase inhibitors for advanced 

prostate cancer. 
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Opening Keynote Lectures 
Session Co-Chairpersons: Charles L. Sawyers, Memorial Sloan-Kettering Cancer 
Center, New York, NY, and Arul M. Chinnaiyan, University of Michigan, Ann Arbor, MI  
6:30 p.m.-8:00 p.m. 
[6:30-7:15] 
COP1: Tumor suppressor role revealed 
Vishva M. Dixit, Genentech Inc., South San Francisco, CA 
[7:15-8:00] 
Polycomb dependent and independent functions of EZH2 in prostate cancer 
Myles Brown, Dana-Farber Cancer Institute, Boston, MA 

Networking Reception 
8:00 p.m.-9:30 p.m. 
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Continental Breakfast 
7:30 a.m.-8:30 a.m. 

Session 1: Genomics / Molecular Profiling 
Session Chairperson: Elaine Mardis, Washington University School of Medicine, St. 
Louis, MO 
8:30 a.m.-10:00 a.m. 
[8:30-9:00] 
Genomic comparisons of coincident prostate cancer foci 
Elaine Mardis 
[9:00-9:30] 
Functional implications of relocation of regulated transcription units in 
prostate cancer 
M. Geoffrey Rosenfeld, University of California, San Diego, La Jolla, CA 
[9:30-10:00] 
Outcome prediction from the pattern of aberrations in prostate cancer 
genomes 
Barry S. Taylor, Memorial Sloan-Kettering Cancer Center, New York, NY 

Break 
10:00 a.m.-10:20 a.m. 

Session 2: Genomics / Molecular Profiling: Prognostic Signatures 
Session Chairperson: Elaine Mardis, Washington University School of Medicine, St. 
Louis, MO 
10:20 a.m.-11:20 a.m. 
PLEASE NOTE: This session is not accredited for CME credit. 
[10:20-10:40] 
Biological pathways predictive of clinically significant prostate cancer in the 
context of tumor heterogeneity 
Mark Lee, Genomic Health, Redwood City, CA 
[10:40-11:00] 
Cell cycle progression genes differentiate indolent from aggressive prostate 
cancer 
Steve Stone, Myriad Genetics, Salt Lake City, UT 
[11:00-11:20] 
Development of integrated diagnostic methods for tissue testing 
Gary Pestano, Ventana/Roche Group, Oro Valley, AZ 

Session 3: Androgen Receptor Signaling 
Session Chairperson: Karen Knudsen, Jefferson University Hospital, Philadelphia, PA 
11:20 a.m.-12:50 p.m. 
[11:20-11:50] 
Mechanisms regulating distinct AR transcriptional programs in PCa 
Steven P. Balk, Beth Israel Deaconess Medical Center, Boston, MA 



[11:50-12:20] 
Cross talk of the androgen receptor and DNA damage pathways: Molecular 
and translational prostate cancer relevance 
Karen E. Knudsen 
[12:20-12:50] 
Overcoming castration-resistant prostate cancer 
Charles L. Sawyers, Memorial Sloan-Kettering Cancer Center, New York, NY 

Poster Session A / Lunch 
12:50 p.m.-3:20 p.m. 
Click here for a list of posters scheduled in this session 

Session 4: Drug Development 
Session Chairperson: Johann S. de Bono, The Institute of Cancer Research and Royal 
Marsden Hospital, Sutton, United Kingdom  
3:20 p.m.-4:50 p.m. 
[3:20-3:50] 
Immune checkpoint blockade in prostate cancer: New insights and 
opportunities 
James P. Allison, Memorial Sloan-Kettering Cancer Center, New York, NY 
[3:50-4:20] 
Cabozantinib (XL-184) and prostate cancer: Preclinical and clinical profile of 
a novel agent 
Maha Hussain, University of Michigan Medical School, Ann Arbor, MI 
[4:20-4:50] 
Conducting hypotheses testing trials for the treatment of advanced prostate 
cancer 
Johann S. de Bono 

Poster Session B / Reception 
5:00 p.m.-7:30 p.m. 
Click here for a list of posters scheduled in this session 

Dinner on own / Evening off 
7:30 p.m.- 
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Continental Breakfast 
7:30 a.m.-8:30 a.m. 

Session 5: ETS Gene Fusions 
Session Chairperson: Mark A. Rubin, Cornell University Weill Medical College, New 
York, NY 
8:30 a.m.-10:00 a.m. 
[8:30-9:00] 
Recurrent SPOP mutations define a distinct molecular subclass of prostate 
cancer 
Mark A. Rubin 
[9:00-9:30] 
Novel therapeutic targets in prostate cancer 
Arul M. Chinnaiyan, University of Michigan, Ann Arbor, MI 
[9:30-9:45] 
Context-specific oncogenesis by ETS-family transcription factors  
Yu Chen, Memorial Sloan-Kettering Cancer Center, New York, NY 
[9:45-10:00] 
PARP1 inhibition as a strategy for targeting ETS gene fusions 
Felix Feng, University of Michigan, Ann Arbor, MI 

Break 
10:00 a.m.-10:20 a.m. 

Session 6: Prostate Cancer Initiation and Progression 
Session Chairperson: Michael Shen, Columbia University Medical Center, New York, NY 
10:20 a.m.-11:50 a.m. 
[10:20-10:50] 
Stem cells and the origin of prostate cancer 
Michael Shen 
[10:50-11:20] 
Mechanisms and therapeutic targets in metastatic prostate cancer 



Karen Cichowski, Brigham and Women's Hospital, Cambridge, MA 
[11:20-11:50] 
Stem cells and prostate cancer 
Owen N. Witte, University of California, Los Angeles, CA 

Poster Session C / Lunch 
12:00 p.m.-2:30 p.m. 
Click here for a list of posters scheduled in this session 

Session 7: Late-Breaking Research 
Session Co-Chairpersons: Charles L. Sawyers, Memorial Sloan-Kettering Cancer 
Center, New York, NY, and Arul M. Chinnaiyan, University of Michigan, Ann Arbor, MI 
2:30 p.m.-5:00 p.m. 
[2:30-2:45] 
Altered AR gene architecture and splicing in castration-resistant prostate 
cancer  
Scott M. Dehm, University of Minnesota, Masonic Cancer Center, Minneapolis, MN 
[2:45-3:00] 
Cooperation between androgen receptor and polycomb in prostate cancer 
Jindan Yu, Northwestern University Lurie Comprehensive Cancer Center, Chicago, IL 
[3:00-3:15] 
A bad influence: ERG, AR, and prostate cell differentiation 
Raymond A. Pagliarini, Novartis Institutes for BioMedical Research, Cambridge, MA 
[3:15-3:30] 
Transcriptional programs directed by the androgen receptor splicing variants 
Jun Luo, Johns Hopkins University, Baltimore, MD 
[3:30-3:45] 
* Oncogenic ETS over-expression mimics RAS/MAPK signaling in prostate 
cells 
Peter C. Hollenhorst, Indiana University, Bloomington, IN 
[3:45-4:00] 
* Optimization and applications of a tissue slice culture model of the normal 
and malignant human prostate 
Sophia L. Maund, Stanford University, Stanford, CA 
[4:00-4:15] 
* The snoRNP assembly factor SHQ1 is a novel prostate cancer tumor 
suppressor gene 
Phillip J. Iaquinta, Memorial Sloan-Kettering Cancer Center, New York, NY 
[4:15-4:30] 
* Biochemical recurrence is not a definitive surrogate endpoint for 
development of clinically useful predictive models for post-prostatectomy 
patients 
Anamaria Crisan, GenomeDx, Vancouver, BC, Canada 
[4:30-4:45] 
* Therapeutic targeting of oncogene-specific tyrosine kinase networks during 
prostate cancer progression 
Justin M. Drake, University of California, Los Angeles, CA 
[4:45-5:00] 
* Cabozantinib (XL184) inhibits androgen-sensitive and castration-resistant 
prostate cancer in the bone and increases bone formation in non-tumored 
bones 
Eva Corey, University of Washington, Seattle, WA 

Dinner on own / Evening off 
5:00 p.m.- 
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Continental Breakfast 
7:30 a.m.-8:30 a.m. 

Session 8: Imaging 
Session Chairpersons: Martin G. Pomper, Johns Hopkins Kimmel Comprehensive 
Cancer Center, Baltimore, MD 
8:30 a.m.-10:00 a.m. 
[8:30-9:00] 
Molecular imaging of androgen receptor signaling in CRPC 
Steven M. Larson, Memorial Sloan-Kettering Cancer Center, New York, NY 
[9:00-9:30] 
Diagnosing prostate cancer with image fusion (MRI, PET, CT, US) 
Peter Choyke, National Cancer Institute, Bethesda, MD 
[9:30-10:00] 
Molecular imaging agents for prostate cancer: Focus on PSMA 
Martin G. Pomper 



Break 
10:00 a.m.-10:30 a.m. 

Session 9: Closing Keynote Lectures 
Session Co-Chairpersons: Arul M. Chinnaiyan, University of Michigan, Ann Arbor, MI, 
and Charles L. Sawyers, Memorial Sloan-Kettering Cancer Center, New York, NY 
10:30 a.m.-11:30 a.m. 
[10:30-11:00] 
Inflammation as the trigger of somatic epigenome defects in prostate cancer 
William G. Nelson, Johns Hopkins Kimmel Comprehensive Cancer Center, Baltimore, 
MD 
[11:00-11:30] 
Role of the microenvironment in prostate cancer progression and resistance 
Christopher J. Logothetis, University of Texas MD Anderson Cancer Center, Houston, 
TX 

Departure 
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